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Abstract. The most powerful tool for measuring distances within our Galaxy is the annual parallax. We carried
out phase-referencing VLBI observations of H2O masers in the star forming region W3(OH) with respect to the
extragalactic continuum source ICRF 0244+624 to measure their absolute proper motions. The measured annual
parallax is 0.484 ± 0.004 milli-arcseconds which corresponds to a distance of 2.07+0.01
−0.02 kpc from the sun. This
distance is consistent with photometric and kinematic distances from previous observations.
1. Introduction
The annual parallax is the most powerful tool for the de-
termination of distances to objects in our Galaxy. The
Hipparcos satellite successfully measured the distances
to many stars in the Solar neighborhood. Those results
contributed to various field of modern astronomy (e.g.
Perryman et al. 1995). However, annual parallax measure-
ments for far-away sources with kpc distances using single
telescopes are impossible, since the value of the annual
parallax is very small, e.g., 1 milli arcsecond (mas) at
a distance of 1 kilopersecs (kpc). In fact, the Hipparcos
satellite only determined the distances of stars within 200
pc from the Sun.
On the other hand, Very Long Baseline Interferometry
(VLBI) provides the highest resolution in astronomy. In
phase-referencing VLBI, the position of a target source is
measured relative to a nearby positional reference source
(see e.g. Beasley & Conway 1995 ; Ros 2003). The fea-
sibility of annual parallax measurements with VLBI has
been demonstrated by Brisken et al. (2002) who measured
annual parallaxes of pulsars in the Galaxy and by van
Langevelde et al. (2000) and Vlemmings et al. (2002) who
measured distances of Galactic OH masers associated with
late type stars. Their results indicate that VLBI astrom-
etry can measure distances of up to a few kpc. Hence, a
large part of the Milky Way can be accessed by VLBI.
This enables us to understand the Galactic structure and
dynamics by VLBI astrometry since many maser sources
exist in the whole Galaxy (e.g. Wouterloot et al. 1993)
and are high brightness VLBI targets.
As our first step into this field of study, we ob-
served H2O masers in the Galactic star forming region
W3(OH) and, alternately, the close-by extragalactic con-
tinuum source J0244+624 with phase-referencing VLBI.
Here we report the result of an annual parallax measure-
ment of H2O maser features in W3(OH).
2. Observation and data reduction
2.1. Observed sources
We selected W3(OH) as our target source since it is one
of the strongest Galactic H2O maser sources. Located in
the Perseus arm, W3(OH) was thought to have a distance
of about 2.3 kpc from the Sun (Georgelin & Georgelin
1976; Humphreys 1978). Relative proper motions of H2O
masers in W3(OH) have been measured before with VLBI
(Alcolea et al. 1992). These masers move in a bipolar out-
flow, originating in the so-called Turner-Welch (TW) ob-
ject, which is thought to be a high or intermediate-mass
protostar (e.g., Reid et al. 1995; Wyrowski et al. 1999).
We used ICRF 0244+624 as a phase-reference source.
Its angular separation from W3(OH) is 2.17 degrees.
Since this source is extragalactic with a redshift of 0.0438
(Margon & Kwitter 1978), its own proper motion is negli-
gible. It is also very strong and compact at lower frequen-
cies (Fey & Charlot. 2000). Thus, it is very useful as a
phase-reference source.
2.2. VLBA multi-epoch observations
Seven epochs of observations were made over the course
of 16 months (Table 1). Time separations were from two
to four months. Each observation was carried out during
4 hours including calibrator observations. NRAO150 was
observed for 5 minutes every 44 minutes for delay and
bandpass calibration. W3(OH) and ICRF 0244+624 were
observed with fast anntena-switching phase-referencing
mode and at high elevation. The typical elevation varied
from 46 to 62 degrees. The switching cycle was 40 sec-
onds at all epochs, typical on-source time was 7 seconds
for W3(OH) and ICRF 0244+624, respectively.
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All observations were made with the ten station NRAO
VLBA1. Two antennas (KP and LA) did not observe in
the first epoch because of heavy snow, one anntena (PT)
was flagged in the third and seventh epoch since most of
the data was lost because of system troubles. Also, SC was
flagged in all epochs, since it produced no useful data. All
Data were recorded using the VLBA recorder with two
base-band channels (BBCs) and a bandwidth of 16 MHz.
Data correlation was made with 1024 spectral channels in
each BBC with an integration time of 2 seconds. The re-
sulting velocity spacing of each spectral channel was 0.224
km s−1 at 22.24 GHz.
Table 1. Summary of the VLBA observations.
Epoch Stations
2001/01/28 01:11:00 – 05:13:00 (UT) 7
2001/05/12 18:20:00 – 22:20:00 (UT) 9
2001/07/12 14:20:00 – 18:20:00 (UT) 8
2001/08/25 11:27:00 – 15:27:00 (UT) 9
2001/10/23 07:35:00 – 11:35:00 (UT) 9
2002/01/12 02:16:00 – 06:16:00 (UT) 9
2002/05/06 18:44:00 – 22:44:00 (UT) 7
2.3. Data reduction
The data were calibrated and imaged with standard tech-
niques using the AIPS software package. A priori am-
plitude calibration was applied using system tempera-
ture measurements and standard gain curves. We cali-
brated clock offsets between antennas using the calibrator
NRAO150. A fringe fit was performed on ICRF 0244+624
and the solutions were applied to W3(OH).
The largest errors in phase-referencing observations
are introduced by a zenith delay error in the atmospheric
model of the correlator. These errors will degrade the im-
age quality and the astrometric accuracy. However, we
modeled the calibrated phase data of the strongest maser
feature as the result of an position offset and a zenith delay
error at each station. These zenith delay errors can then
be corrected by the AIPS task CLCOR. This correction
improves the quality of the phase-referenced images and
the astrometric accuracy (e.g. Brunthaler et al. 2003). The
data of MK at the 7th epoch was flagged since we could
not estimate the zenith delay error of this station.
After those corrections, we carried out fringe fitting for
NRAO150 and ICRF 0244+624 again. Finally, we applied
these revised solutions to the UV data of W3(OH) and
created images of the maser features at each epoch.
To determine the position of each maser spot, we per-
formed a two-dimensional Gaussian fit with the AIPS
task JMFIT. We traced maser features between different
epochs by taking account of their LSR velocities and posi-
1 The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
tions. It is difficult to exactly trace the same maser feature
since H2O masers are highly time variable and their abso-
lute proper motions relative to the extragalactic reference
source were non-linear because of the effect of the paral-
lax.
3. Results
3.1. Reference source: ICRF 0244+624
The extragalactic continuum source ICRF 0244+624 was
detected in all epochs. The peak flux densities were always
over 0.9 Jy/beam, which is strong enough for a excellent
phase calibration. The structure of this source was com-
pact and unresolved like in previous VLBI observations at
lower frequencies. Positions of the peak between all epochs
were fluctuating within ±10µas from the map origin. The
standard deviations of the peak position were 6.5 µas in
right ascension and 7.6 µas in declination, which we take
as the uncertainty of the reference position.
3.2. Galactic H2O maser source: W3(OH)
H2O masers in W3(OH) were detected in all epochs. The
peak flux densities were from a few hundred mJy to one
thousand Jy. The masers were distributed over an area of
2.5” × 0.5” (Figure 1) which is consistent with previous
VLBI observations (Alcolea et al. 1992). Figure 1 contains
only the 15 maser features that were detected in at least
5 epochs. These features are listed in Table 2. The maser
features were usually detected in 2 to 7 adjacent velocity
channels. There were additionally many other short lived
H2O maser features.
The typical formal position error of each H2O maser
spot was 10 µas in right ascension and 20 µas in decli-
nation. Figure 2 shows the absolute proper motion of the
maser feature 2 in Table 2. This proper motion is the sum
of the inner motion in W3(OH), the annual parallax, the
Galactic rotation, Solar motion and probably a peculiar
motion of W3(OH) which might differ from the Galactic
rotation. All motions except the annual parallax are lin-
ear motions. Also, these motions are equal for all maser
features except the inner motion.
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Fig. 1. Spatial distribution of H2O maser features in
W3(OH). The open square shows that the H2O maser fea-
ture was detected over 5 epochs.
K. Hachisuka et al.: Distance of W3(OH) by VLBI annual parallax measurement
Table 2. List of detected maser features. The columns
give the name, number of channels with emission used in
the model fit, number of epochs, position offset from the
phase center at first detected epoch and LSR velocity.
No. channels epochs Position offset VLSR
∆α (mas) ∆δ (mas) (km s−1)
1 4 7 –4.99 –5.6 –48.6
2 4 7 –9.68 33.4 –49.0
3 3 6 –7.72 33.3 –48.6
4 2 5 –5.62 32.9 –50.1
5 3 5 –13.70 49.2 –49.4
6 2 6 –21.68 63.2 –49.0
7 3 5 –19.54 62.2 –48.8
8 4 6 –38.16 97.9 –49.4
9 7 7 –144.50 –144.3 –51.1
10 4 5 –653.64 92.1 –52.6
11 2 6 –646.07 90.2 –51.5
12 4 5 –653.27 92.3 –51.9
13 3 6 –662.86 95.0 –54.7
14 5 7 –2045.84 –133.4 –45.2
15 5 6 –2231.28 84.1 –62.8
Fig. 2. Absolute proper motion of the H2O maser feature
at –49.0 km−1 (No. 2 in Table 2) in the image plane. The
numbers indicate each epoch. Contours are 20, 30, 40, 50,
60, 70, 80, 90% of the peak of brightness. The peak flux
density of 1st to 7th epoch was 430, 215, 204, 79, 31, 39,
and 44 Jy/beam, respectively. Solid line shows the result
of astrometric model fitting.
3.3. Annual parallax of maser features
We carried out a model fit of the path of the maser features
in terms of its proper motion (µα, µδ) and annual parallax
(Π) by
∆α cos δ = Πfα(α, δ, t) + µαt+ α0
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Fig. 3. Absolute proper motion of H2O maser at LSR ve-
locity of –49.0 km−1 (No. 2 in Table 2.) at right ascension
and declination, respectively. The dashed line shows the
best fit curve by the astrometric model fitting.
∆δ = Πfδ(α, δ, t) + µδt+ δ0
where t is time. The functions fα and fδ are the parallax
displacements in right ascension and declination, respec-
tively. The origin of position for each maser feature, α0
and δ0, is not discussed here.
Maser features 14 and 15 are located 2 arcseconds from
the phase center and are affected by time-smearing effects.
Hence, they were excluded from our analysis. We used a
total of 45 different data sets (13 maser features in sev-
eral velocity channels). We fit one annual parallax and 45
individual linear motions to the combined data set. We
ignored any acceleration of maser features in the proper
motions and radial velocities. The estimated annual paral-
lax is 0.484 ± 0.004 mas. Figure 3 shows the result of the
astrometric model fitting for one channel of maser feature
2.
We also fitted a proper motion and an annual paral-
lax to each of the 45 data sets individually. The errors
of these individual parallaxes range from ∼ 0.01 mas for
strong components to ∼ 0.1 mas for weak components.
The parallaxes of the different maser features were in gen-
eral consistent within the errors with the parallax from
the combined fit. We can define a parameter Ri for each
individual fit by
Ri =
|pii − p¯i|
∆pii
,
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where pii and ∆pii are the parallax and its error from fit i
and p¯i is the parallax from the combined fit.
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Fig. 4. Histogram of parameter Ri (see text) for the indi-
vidual fits and the expectation from a Gaussian distribu-
tion of errors (dashed line).
A histogram of this parameter Ri is shown in Figure 4
together with the expectation for a Gaussian distribution
of parallaxes. It can be clearly seen that the data is in good
agreement with a Gaussian distribution. Hence, the fitting
results are dominated by statistical and not by systematic
errors.
An annual parallax for W3(OH) of 0.484 ± 0.004 kpc
corresponds to a distance of 2.07+0.01
−0.02 kpc. Georgelin &
Georgelin (1976) estimated a kinematic distance of 2.3
kpc for W3(OH) and Humphreys (1978) estimated a pho-
tometric distance of 2.2 kpc to the OB association near
W3(OH).
4. Conclusion
We estimated an annual parallax of 0.484 ± 0.004 mas for
W3(OH) from the absolute proper motions of associated
H2O maser features. This corresponds to a distance of
2.07+0.01
−0.02 kpc and is consistent with past determinations.
The absolute proper motion is the sum of the annual
parallax and a linear component. The linear component
includes the inner motion of each maser feature, which
can be estimated independently from the motion relative
to a reference maser feature. After subtracting the inner
motions, all maser components will have the same proper
motions. The linear part of these motions can be deter-
mined from maser features which are detected in more
than five epochs. Thus, we can decrease the number of
free parameters by fixing the linear component. Then we
can also use components which are detectable in less than
5 epochs. This has the potential to increase the accuracy
of the annual parallax even further. We will also get the
total proper motion of W3(OH) from this observation and
this will help to constrain models of the Galactic rotation.
This will be the subject of an upcoming paper.
There are other H2O of other maser sources with
close-by positional reference sources in the Galaxy. Thus,
it is possible to determine the distance of other maser
sources with phase-referencing VLBI astrometric observa-
tions with similar accuracy to the case of the H2O masers
in W3(OH). We are planning an extensive program to use
parallax and proper motion measurements to constrain
Galactic structure and rotation.
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